ABSTRACT: Pure compounds extracted and purified from natural sources are crucial to lead discovery and drug screening. This study presents a novel two-dimensional hyphenation of expanded bed adsorption chromatography (EBAC) and high-speed countercurrent chromatography (HSCCC) for extraction and purification of target compounds from medicinal plants in a single step. The EBAC and HSCCC were hyphenated via a six-port injection valve as an interface. Fractionation of ingredients of Salvia miltiorrhiza and Rhizoma coptidis was performed on the hyphenated system to verify its efficacy. Two compounds were harvested from Salvia miltiorrhiza, one was 52.9 mg of salvianolic acid B with an over 95% purity and the other was 2.1 mg of rosmarinic acid with a 74% purity. Another two components were purified from Rhizoma coptidis, one was 4.6 mg of coptisine with a 98% purity and one was 4.1 mg of berberine with a 82% purity. The processing time was nearly 50% that of the multistep method. The results indicate that the present method is a rapid and green way to harvest targets from medicinal plants in a single step. P ure compounds prepared from medicinal plants are the major sources of standards for drug analysis, drug screening, and lead for structure modification. As most target compounds are generally present in extremely complex matrixes at low levels, the conventional steps often include extraction, concentration and other following purification steps, which is usually time-consuming and results in loss of other potentially interesting components.
P ure compounds prepared from medicinal plants are the major sources of standards for drug analysis, drug screening, and lead for structure modification. As most target compounds are generally present in extremely complex matrixes at low levels, the conventional steps often include extraction, concentration and other following purification steps, which is usually time-consuming and results in loss of other potentially interesting components.
High-speed countercurrent chromatography (HSCCC) is a unique liquid−liquid partition chromatography using no solid support in the system. 1−3 It is now accepted as an efficient preparative technique, and widely used for separation and purification of various natural and synthetic compounds. 4−7 However, when two or more components have close polarities, the peaks overlap occurring in a CCC chromatogram requires a further run on CCC with different solvent system to reach a fine separation. Meanwhile, the components are getting lost easily when they are transferring between different runs. To tackle this challenge, different modes of two-dimensional countercurrent chromatography (2DCCC) have been developed in terms of hyphenation of two sets of CCC 8−10 or hyphenation of CCC to liquid chromatography. 11−14 These reports demonstrated that 2DCCC can largely improve separation capacity and recovery of samples. The researches on hyphenation of CCC either with CCC or other techniques suggest its great potential for separation of complex samples. However, samples still need a pretreatment process before injection to CCC, which definitely leads to a loss of target compounds. To address this issue, expanded bed adsorption chromatography (EBAC) is hyphenated to CCC to simplify the pretreatment of samples in the present work. EBAC is an alternative bioseparation technique that greatly reduces the purification steps required when target molecules are directly captured from particle-containing feed stocks. 15−17 If combining EBAC and HSCCC, there is a possibility to achieve highly pure target compounds from the original material in a single step.
In the present research, an online two-dimensional chromatographic system was developed based on the hyphenation of EBAC and CCC to extract and separate of salvianolic acids from Salvia miltiorrhiza and alkaloids from Rhizoma coptidis.
■ EXPERIMENTAL SECTION
Chemicals. Chemicals for EBAC and HSCCC were of analytical grade and purchased from Titan chemical (Titan Tech, Shanghai). Acetonitrile used for HPLC analysis was of chromatographic grade (Burdick & Jackson, Ulsan, Korea). The macroporous resins of HZ-816 were purchased from the Huazhen Science and Technology Co., Ltd. (Shanghai, China).
Plant Materials. S. miltiorrhiza and R. coptidis were both purchased from Shanghai Hongqiao Pharmaceutical Co., Ltd. (Shanghai, China). The content of salvianolic acid B in S. miltiorrhiza is about 2.0%, while those of coptisine and berberine in R. coptidis are about 2.1% (w/w) and 6.5% (w/w).
Apparatus. The EBAC (30 × 2.6 cm, I.D.) was assembled with a UV detector (STI501, Surwit Technology Inc., Hangzhou, China) and a BT00-300 M peristaltic pump (Longer Precision Pump Co., Ltd. Baoding, China). Extraction was conducted in an SCQ-5201E ultrasonic bath (Shengyan Ultrasonics Equipment Co., Ltd., Shanghai, China). Separations were performed on a TBE-300B HSCCC (Tauto Biotech, Shanghai, China) with three polytetrafluoroethylene coils (tubing I.D. = 1.6 mm, column capacity = 300 mL). The interface was a V-541 six-port switching valve (Tauto Biotech, Shanghai, China). The detector for HSCCC apparatus was a full wavelength of ultraviolet detector (Tauto Biotech, Shanghai, China). HPLC used for analysis was Agilent 1200 system (Agilent, U.S.).
EBAC−HSCCC Instrumentation. A schematic diagram of the EBAC−HSCCC setup is shown in Figure 1 . The core part of the system is the interface unit consisting of a six-port switching valve with a sample loop, allowing an aliquot of effluent to directly transfer from the EBAC to HSCCC systems.
For extraction step, an expanded bed (I.D. = 26 mm) is integrated with a dynamic extraction column (I.D. = 50 mm) equipped with an ultrasonic bath (I) outside, as shown in Figure 1 . An amount of the plant material is put into the dynamic extraction column along with water. Then, the expanded bed column (III) packed with macroporous resins is expanded to a certain expansion ratio. The target compounds extracted from the dynamic extraction column are continuously adsorbed onto the expanded bed column by circulating the solvent through the loop with pump II as shown by a set of solid arrows. When the extraction and adsorption processes are completed, the expanded bed is eluted by water and ethanol aqueous solution as shown by the open arrows with pump (II). At this moment, the switching valve (VII) is at the "load" position (A) allowing effluent pass through the monitor V, the injection loop, and then to the fraction collector (not shown), as indicated by the solid line. Meanwhile the HSCCC column is filled with stationary phase and equilibrated. When the target peak starts to emerge in the UV chromatogram (monitor V), the "load" position (A) of sliding valve VII is held for a few minutes to ensure that the loop is filled with the sample and then switched to the "injection" position (B). Afterward the target compounds eluted from the first dimension (EBAC) are directly transferred to the second dimension system (HSCCC) by pump (IV) through the dashed line. In this way the effluents from the expanded bed column (III) are subjected to further separation and purification in the HSCCC system and eluted through the UV monitor (IX) into the fraction collector (X).
EBAC Extraction Process. The EBAC operation process was based on a previous report. 17 For S. miltiorrhiza, 37.0 g of the material was put into the dynamic extraction column along with 250 mL of water, while 70 mL of HZ-816 macroporous resins were packed into the expanded bed with an expansion ratio of 1.4. The ultrasonic extraction was carried out for 3 h, while the target compounds extracted were continuously adsorbed onto the reins in the expanded bed column. When the adsorption process was completed, the expanded bed was eluted with 5 bed volumes (BVs) of water and 5 BVs of 30% (v/v) ethanol aqueous solution at a flow rate of 2.4 BV/h. For R. coptidis, 10.0 g of the material was put into the dynamic extraction column along with 150 mL of water, while 60 mL of HZ-816 macroporous resins were packed into the expanded bed with an expansion ratio of 1.6. The ultrasonic extraction was carried out for 2 h and the target compounds were directly adsorbed onto the resins packed in the expanded bed column. When the adsorption process was completed, the expanded bed was eluted with 2 BVs of water and 5 BVs of 50% ethanol aqueous solution at 2.0 BV/h. Solvent System Selection for HSCCC Separation. The first step of HSCCC separation is selection of the biphasic solvent system and determination of the partition coefficients (K) of the targets. For S. miltiorrhiza, various solvent systems composed of n-hexane-ethyl acetate−methanol−acetic acid− water and n-hexane−ethyl acetate−ethanol−acetic acid−water with different volume ratios were prepared for test. An equal volume of the upper and lower phases of a solvent system were put into a test tube. Then, 3 mg of the crude sample was added to the test tube and thoroughly mixed. After the sample was dissolved, both phases were each transferred to separate vials and then dried by nitrogen, and then 500 μL of 50% methanol was added to dissolve the residues. Afterward, both upper and lower phases were analyzed by HPLC. The partition coefficient is defined as K = A upper /A lower , where A upper is the HPLC peak area of the target in the upper phase and A lower is that in the lower phase.
For R. coptidis various solvent systems with different ratios of methyl tert-butyl ether (MTBE)−acetonitrile (ACN)−H 2 O, MTBE−BuOH−H 2 O, and MTBE−H 2 O were tested. The partition coefficients (K) for each sample in these two-phase solvent systems were determined using the conventional test tube method in acidic (K acid ) and basic (K base ) conditions using the same method stated above.
HSCCC Separation Procedure. At the beginning of the separation of salvinolic acids from S. miltiorrhiza, the column was filled with the stationary phase (the upper phase of nhexane−ethyl acetate−methanol−acetic acid−water). Then, the mobile phase (the lower phase of the system) was pumped into the coil at 2 mL/min from the head toward the tail with a rotational speed of 850 rpm at 25°C. When hydrodynamic equilibrium was established, the crude sample of S. miltiorrhiza was injected into the column via a sample loop. The effluent was monitored by an online UV detector.
When the separation of alkaloids from R. coptidis was performed on CCC, the column was first filled with the stationary phase (the upper phase of MTBE−n-butanol−ethyl acetate−water), followed by injection of the crude extract. The mobile phase (the lower phase of MTBE-n-butanol−ethyl acetate−water) was pumped into the column at 2.0 mL/min in the head to tail mode at 850 rpm. The fractions were monitored by a UV detector at 345 nm. The pH value of each fraction was measured with a pH meter. All the fractions were analyzed by HPLC after dried by a rotary vaporization under reduced pressure.
HPLC Analysis. The HPLC analysis for salvianolic acids was carried out on a C 18 column (Alltech, 250 mm ×4.6 mm, 5 μm) at 25°C with an injection volume of 20 μL. The mobile phase was composed of water-acetonitrile-formic acid (A, 90: 10: 0.4, v/v/v) and acetonitrile (B). The gradient elution was started at 0% B, rising to 30% B after 40 min, at a flow rate of 1.0 mL/ min. The chromatogram was recorded at the wavelength of 280 nm. 18 For analysis of alkaloids, the separation was performed on a C 18 column (Agilent, 150 mm × 4.6 mm, 5 μm). The mobile phase was acetonitrile−0.05 mol/L KH 2 PO 4 (aq) (60:50), adding 0.4 g of sodium dodecyl sulfate per 100 mL of mobile phase, then the pH was adjusted to 4.0 with H 3 PO 4 . The analysis was carried out under isocratic conditions with a flow rate of 0.8 mL/min at the wavelength of 345 nm.
Comparison with Offline and Online Modes of EBAC− HSCCC. In the offline mode, the medicinal plant was extracted with H 2 O. Then the extraction solution was centrifuged, filtrated, and concentrated under reduced pressure to remove the solvent to prepare the sample for macroporous resin column separation. The effluentwas concentrated and dried. Then the sample was redissolved in the stationary phase of the CCC solvent system.
■ RESULTS AND DISCUSSION
Optimization of Extraction and Separation Conditions on EBAC. Expansion ratio is a parameter used to measure the bed expansion. It is defined as R = H exp /H 0 , where R is the expansion ratio, H exp is expanded bed height, H 0 is initial bed height. Expansion ratio optimization for the expanded bed operation focuses on the expansion effect of resins on extraction and separation. Different expansion ratios were tested within the range of flow rate from 0 to 16.8 mL/ min. The maximum target recovery was achieved at the expansion ratio of 1.4. Extraction time optimization was undertaken to investigate the end point of extraction. After 180 min of extraction, 95% of the target had been extracted. Therefore, the extraction was considered to be terminated at 180 min.
Eluent, flow rate of eluting, and elution volume have great influence on the separationon EBAC. The flow rate of the eluent and elution volume optimization for EBAC was conducted on a packed column. Considering solvent consumption, an extracting solution volume of 5 BVs was chosen. The flow rate of 2.4 BV/h gave a relatively high desorption ratio. Considering the compatibility of effluent of EBAC and the solvent system of HSCCC, the influence of relative concentrations of ethanol to the solvent system of HSCCC was investigated. Eventually 30% ethanol was found to be optimal for the separation of S. miltiorrhiza on EBAC. To avoid peak tailing, 50% ethanol was selected for R. coptidis. A relatively high recovery was achieved at the expansion ratio of 1.6 for R. coptidis. The flow rate of 2 BV/h and elution volume of 5 BVs gave a relatively high desorption ratio. Figure 2 shows the elution curves of salvianolic acids and alkaloids on EBAC. We collected heart-cutting fractions shaded in Figure 2 as the sample for the second dimensional HSCCC.
Solvent System Selection for HSCCC Separation. The systems of n-hexane−ethyl acetate−methanol−acetic acid− water and n-hexane-ethyl acetate−ethanol−acetic acid−water at various volume ratios were investigated for separation of salvianolic acids from S. Miltiorrhiza. Both candidates showed potential to give the targets reasonable partition values. While considering the solvent compatibility with EBAC, we chose nhexane−ethyl acetate−ethanol−acetic acid−water and did more optimization on its volume ratios. The results are listed in Table 1 . As the ratio of ethanol increased, both K 1 and K 2 values reduced. The result demonstrated the addition of ethanol could raise the polarity of the lower phase, which would partition more salvialnolic acids in the lower phase. Considering the separation factors between targets and other impurities, we chose n-hexane−ethyl acetate−ethanol−acetic acid−water (1:5:1.75:1:7, v/v/v/v/v) as the solvent system for separation of salvianolic acids.
For the separation of alkaloids from R. coptidis, different ratios of retainer and eluter were tested. The K values of the different solvent systems were measured. Different polar solvent systems, such as methyl tert-butyl ether (MTBE)− ACN−H 2 O, MTBE−BuOH−H 2 O, MTBE−H 2 O were tested, but the K values of the compounds were not suitable for the separation on HSCCC. By adding triethylamine (TEA, 25 mM) to the upper organic stationary phase as a retainer and hydrochloric acid (HCl, 10 mM) to the aqueous mobile phase as an eluter, a two-phase solvent system composed of MTBE− n-BuOH−EtOAc−water (2:2:1:8, v/v/v/v) was explored. The result is listed in Table 2 . As the concentration of retainer was increased, K base became higher. Reasonable K values (K 1 = 0.80, K 2 = 0.15) were achieved when the concentration of retainer was at 25 mM. Therefore, we chose MTBE−BuOH−EtOAc− H 2 O (2:2:1:8) as the solvent system, 25 mM of TEA as the retainer, and 10 mM of HCl as the eluter.
Application of the Online EBAC−HSCCC System. In the online mode of EBAC−HSCCC, since the eluant containing ethanol from EBAC as a sample was charged to the HSCCC column, the sample will affect the equilibrium of the solvent system on HSCCC. To achieve the compatibility between the solvents used in EBAC and HSCCC and to minimize the impact of the solvent in sample on the hydrodynamic equilibrium of the solvent system of the HSCCC, the sample volume to HSCCC column was optimized.
When the separation of salvianolic acids from S. miltiorrhiza was conducted on HSCCC using the above optimized solvent system, the mobile phase was mostly composed of water and ethanol, while the stationary phase mainly contained n-hexane and ethyl acetate. When the sample solution containing ethanol was injected to HSCCC, the hydrodynamic equilibrium of the column would be affected. To evaluate the possibility of direct injection of effluent from EBAC into the HSCCC column, 0.1 g of crude extract obtained from EBAC was dissolved in 3 mL of 30% ethanol aqueous solution and injected into the HSCCC column in an offline mode. The separation yielded 12.5 mg of salvianolic acid B at 91.0% purity, which indicated that sample in ethanol aqueous solution can be directly introduced into the CCC system with a minimum effect on separation. The similar investigation was undertaken to the separation of alkaloids from R. coptidis. The result showed that ethanol in sample solution did not affect the separation of alkaloids.
Then, the effect of injection volume on the separation in an online mode was examined. The effluent of 8−26 mL from EBAC were directly injected into the HSCCC column. Figure  3a shows the HSCCC chromatograms of separation of salvianolic acids with different injection volumes. When 8 mL of sample was injected, 30.8 mg of salvianolic acid B was harvested at purity of 96% and 1.6 mg of rosmarinic acid with 83% pure. Injection of 13 mL of sample solution yielded 52.9 mg of salvianolic acid B with 96% of purity and 2.1 mg rosmarinic acid with 74% purity. And 108.5 mg of salvianolic acid B with 92% of purity and 2.8 mg of rosmarinic acid with 63% were obtained from 26 mL effluent injection. On the basis of the above results, 13 mL injection volume was selected as the injection volume. Figure 3b shows the HSCCC chromatogram of the extract from R. coptidis with different injection volumes. Different injection volumes were tested for the separation of alkaloids from R. coptidis. It was found that 3 mL was a suitable injection volume where 4.6 mg of coptisine was yielded with 98% of purity. When the sample volume was increased to 5 mL, the stationary phase retention was decreased to 20% and the purity of the target was less than 50%. When the sample volume increased to 8 mL, the sample was carried over with the solvent front and there was nearly no retention of the stationary phase. Figure 4 shows the HPLC chromatograms of the decoction, effluent of EBAC, rosmarinic acid, and salvianolic acid. From these chromatograms, we can see that there are more peaks in the early stage of the chromatogram of the decoction than that of the eluent of EBAC. This was due to the degradation of salvianolic acids at high temperature when the decotation was prepared. By comparison with HPLC fingerprint chromatogram of S. miltiorrhiza, they should be the decomposition products from salvianolic acid B. Because of the closed online EBAC−HSCCC system, it needed less manual operation, less amount of time, and solvent consumption, which resulted in higher recovery and less degradation.
Comparison between Online EBAC−HSCCC Method and the Conventional Method. The comparison of online EBAC−HSCCC method and the conventional multistep method in terms of processing time, solvent consumption, and the purity of targets is listed in Table 3 . The consumptions of time and solvents were estimated by summing those in each step. In the offline mode, the consumed time and solvent in decoction, filtration, concentration, separation on resin column, freeze-drying, and separation on HSCCC were covered. 19, 20 In the online mode, the time and solvent used on EBAC and HSCCC were counted. From Table 3 , the time of online separation of salvianolic aicds is reduced from 28 to 12 h and that for R. coptidis is 5 h shorter. Thus, the hyphenation system can save almost 50% of separation time. Furthermore, the consumption of solvent is also reduced.
Interface and Compatibility of Solvent Systems. To build an online hyphenated chromatography system, the issues of interface selection and solvents compatibility should be addressed. There are usually various sets can play the role of interface. These are trapping column, parallel second dimension columns, stop-flow interface, vacuum-assisted evaporation interface, etc. Among them, the injection sample loop is the simplest interface, which can be easily operated. In this study, a six-port injection valve acted as the interface in which the effluent from EBAC was transferred from the first dimension to the second dimension.
For HSCCC, the sample is usually dissolved in both mobile and stationary phases. However, in this study the effluent of the EBAC containing ethanol aqueous was directly used as the sample for HSCCC separation. Since the compositions of sample are same, we only focused on the sample volume effect on separation. Figure 3 shows the HSCCC chromatograms of different inject volumes performed on EBAC−HSCCC system. The results showed that the ethanol effluent made very Table 4 . We have probed the effect of different injection volumes on purity, yield, and stationary phase retention (S f .). The less sample was injected, the purer target was harvested. The more sample was injected, the less stationary phase was retained. Large volume injection led to loss of extra stationary phase especially in the separation of alkaloids from R. coptidis. Pure coptisine could not be obtained when 5 or 8 mL of sample was injected. We concluded that the solvent in the effluent affected the S f . and purity of targets. Then we have investigated the effect of other solvents on stationary phase retention and the result is listed in Table 5 .
Higher injection volumes lead to more loss of stationary phase especially for the separation of Rhizoma coptidis. It failed to produce a pure coptisine from the separation by 5 and 8 mL of injection volumes. However, the impact for S. miltiorrhiza is less. We considered that this phenomenon may be related to the solvent system for S. miltiorrhiza containing ethanol. Then, we tested some other solvents (3 mL; BuOH, H 2 O, 30% acetone, 30% methanol) for R. coptidis and some solvents (5 mL; 30% ethanol, H 2 O, 30% methanol, 30% acetonitrile) where S f was used as the index to evaluate the effect of different solvents.
The result are shown in Table 5 which indicates that the S f of the solvent system that contains the same solvent with the sample solution is higher than that of the solvent system which does not contain the sample solvent. Therefore, the first dimensional elution solvent system that shares the solvents with the second dimensional solvent system is suitable for the interfacefor the hyphenation. It can be a tip for future researches using EBAC−HSCCC to separate various other compounds.
■ CONCLUSIONS
This present study presents the successful development of online hyphenation of EBAC to HSCCC for direct extraction and purification of ingredients from medicinal plants. EBAC and HSCCC were interfaced via an injection valve, which was capable of transferring effluents from EBAC to HSCCC. This setup was effectively used for the separation of salvianolic acids from S. miltiorrhiza and alkaloids from R. coptidis. Salvianolic acid B, rosmarinic acid, coptisine, and berberine could be recovered at high purity. In a typical run, 52.9 mg of 96% pure salvianolic acid B and 2.1 mg of 74% pure rosmarinic acid were harvested. While in another run, 4.6 mg of 98% coptisine and 4.1 mg of 82% pure berberine were recovered. These results clearly indicated that this EBAC−HSCCC system is an efficient and high-yield alternative technique which can be applied for extraction and purification of bioactive components from various medicinal plants.
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